2− . Tubular deposits with an inner diameter of 1-1.5 µm were obtained in addition to granular deposits by potentiostatic cathodic reduction at −2.0 V.
Introduction
Electroplating of tin (Sn) and its alloys has been utilized widely because of excellent solderability, good biological safety, and inexpensiveness. Acidic, neutral, and basic baths based on aqueous media have been used practically depending on substrates although such additives as surfactants and oxidation inhibitors are necessary in order to suppress hydrogen generation and precipitation of tin hydroxide.
1,2 Non-aqueous media have potential as alternatives for electrodeposition of Sn. Organic solvents have been often used for non-aqueous electrolytes. However, volatility and flammability of organic solvents are unsuitable for practical use. Therefore, aprotic ionic liquids having such properties as wide electrochemical window, non-flammability, and low volatility, have attracted attention as electrolytes alternative to aqueous and organic solvents. The electrode reaction of Sn has been studied in the ionic liquids, such as BMPTFSA (BMP + = 1-butyl-1-methylpyrrolidinium, TFSA ¹ = bis(trifluoromethylsulfonyl)amide), BMPDCA (DCA ¹ = dicyanamide), EMITFSA (EMI + = 1-ethyl-3-methylimidazolium), EMIDCA, EMIBF 4 , EMICl-AlCl 3 , and EMICl-ZnCl 2 . [3] [4] [5] [6] [7] [8] [9] [10] In the case of BMPTFSA containing Sn(II), which was introduced by anodic dissolution of Sn, smooth and adhesive deposits of Sn with the particle size of 2-5 µm were obtained by galvanostatic cathodic reduction on a Cu substrate. 3 The morphologies of the deposits obtained by potentiostatic cathodic reduction on Mo were compared in BMPTFSA, EMIDCA, and EMITFSA containing Sn(II) introduced by anodic dissolution of Sn. 5 Denser and smaller particles were obtained uniformly in EMITFSA compared with in BMPTFSA and EMIDCA. 5 Galvanostatic cathodic reduction in EMIDCA containing SnCl 2 resulted in deposition of interweaving Sn nanowires. 6 Furthermore, different morphologies of the deposits were obtained depending on the applied potential. 7 In EMIBF 4 containing SnCl 2 , needle-like deposits were observed on a Pt electrode by potentiostatic cathodic reduction. 8 The electrode reaction of Sn(II)/Sn has been studied by cyclic voltammetry on Pt, Au, and glassy carbon (GC) in acidic and basic EMICl-AlCl 3 containing SnCl 2 .
9 Sn(II)/Sn electrode reaction was also investigated on W, GC, and Ni in acidic and basic EMICl-ZnCl 2 in which Sn(II) was introduced either by anodic dissolution of Sn or by dissolving SnCl 2 . 10 Particles with the size of 0.3-1.7 µm were obtained on Ni by potentiostatic cathodic reduction in acidic EMIClZnCl 2 . These previous reports suggest that the electrode reaction and morphology of Sn are affected by the dissolved species and the applied potential in addition to the cations and anions of ionic liquids. In the present study, a TFSA ¹ -based aprotic ionic liquid, BMPTFSA, containing free chloride ions was used as an electrolyte. In the case of BMPTFSA without free chloride ions, it is necessary to synthesize Sn(TFSA) 2 11 or dissolve Sn anodically in order to introduce Sn(II). On the other hand, it is expected that SnCl 2 can be used as a Sn(II) source in BMPTFSA containing free chloride ions with formation of chlorocomplexes of Sn, as reported in basic chloroaluminate and chlorozincate ionic liquids. However, dissolved species of Sn(II) and morphology of Sn deposits have not been elucidated in detail. In the present study, speciation and electrochemical behavior of Sn(II) in Lewis basic BMPTFSA have been investigated by cyclic voltammetry, potentiometry, and chronoamperometry.
Experimental
BMPTFSA (Kanto Chemical, 99.5%) and SnCl 2 (High Purity Chemicals, >99.9%) were used as received. BMPCl was prepared by the reaction of butyl chloride (Wako Pure Chemical Industries, >98%) and 1-methylpyrrolidine (Tokyo Chemical Industries, >98%) in acetonitrile (Kanto Chemical, >99.5%) at 343 K for 24 hours. ) was used as a working electrode. A silver (Ag) wire immersed in BMPTFSA containing 0.1 M AgCF 3 SO 3 (Aldrich, >99.0%) isolated from the electrolytes by porous glass was used as a reference electrode. Sn or platinum (Pt) was used as a counter electrode. Electrodeposits after washing with acetonitrile were characterized by a scanning electron microscope (SEM, Keyence, VE-9800) and a X-ray diffractometer (XRD, Rigaku, MiniFlex 600).
Results and Discussion
The solubility of SnCl 2 in BMPTFSA without free chloride ions was found to be 4 mM by ICP-OES. On the other hand, SnCl 2 was soluble in BMPTFSA containing 0.5 M BMPCl probably due to formation of some chlorocomplexes, [SnCl 2+n ] n¹ . The solubility of SnCl 2 in 0.5 M BMPCl/BMPTFSA was 19 mM at 298 K. Thus, 0.5 M BMPCl/BMPTFSA containing 10 mM SnCl 2 was used as the electrolyte in the subsequent experiments. Figure 1 shows the cyclic voltammograms of a GC electrode in 0.5 M BMPCl/BMPTFSA with and without 10 mM SnCl 2 . Cathodic and anodic current peaks were observed at ¹1.8 and ¹1.7 V, respectively. Potentiostatic cathodic reduction at ¹2.0 V resulted in deposition of Sn, which was identified by the XRD pattern of the deposits, as shown in Fig. 2 . Thus, the cathodic reaction at ¹1.8 V was attributed to reduction of Sn(II) to Sn(0). The anodic reaction at ¹1.7 V was considered assignable to anodic dissolution of Sn deposited during the preceding cathodic scan. Figure 3 shows the SEM images of the deposits obtained on a GC substrate by potentiostatic cathodic reduction at ¹2.0 V. Tubular deposits with the inner diameter of 1-1.5 µm were obtained in addition to granular deposits. The deposits with a hexagonal tube shape were obtained in the electrodeposition of not only Sn 7 but also Cu-Sn 12 and Cu-Zn 13 alloys in ionic liquids. Hsieh et al. described generation of such pyramidal tubular deposit was due to preferential growth of periphery parts due to the overpotential gradient between the central and periphery parts of nuclei. 13 On the other hand, dendritic or whisker-like deposits were obtained for electrodeposition of silver and lead in BMPTFSA at the negative potential region below ¹2.0 V, due to accumulation of the cations composing the ionic liquid at the interface between the electrode and the ionic liquid. 14, 15 The different morphology of Sn deposits even at ¹2. formation of some chlorocomplexes according to the following reaction.
The redox equilibrium between a tin chlorocomplex and the Sn electrode and the corresponding Nernst equation are represented as follows.
ð3Þ
In order to identify the dissolved species, the potential dependence was examined based on Nernst equation assuming different species.
[ 2¹ (n = 2), on the other hand, the slope was 30 mV decade
¹1
, which was close to the theoretical value for a two-electron transfer reaction at 298 K, as shown in Fig. 4 . Thus, the dissolved species in 0.5 M BMPCl/BMPTFSA was considered to be [SnCl 4 ] 2¹ . The dissolved species of Sn have been investigated in binary ionic liquids, BMICl-SnCl 2 (BMI + = 1-butyl-3-methylimidazolium) and OMICl-SnCl 2 (OMI + = 1-octyl-3-methylimidazolium), using nuclear magnetic resonance (NMR) and Raman spectroscopy. 16 ¹ has a C 3v symmetry with a lone electron-pair along its C 3 axis. Thus, formation of a tetrahedral complex of [SnCl 4 ] 2¹ is considered unlikely. On the other hand, from the intercept of the regression line in Fig. 4 2¹ is a dominant species in both 0.5 M BMPCl/BMPTFSA and basic EMICl-AlCl 3 .
The formal potential of Sn(II)/Sn in 0.5 M BMPCl/BMPTFSA was more negative than that in BMPTFSA without free chloride ions (¹0.57 V vs. Ag«Ag(I) . The equilibrium constant for the following reaction can be calculated to be 1.4 © 10 37 M ¹1 .
Figures 5(a) and (b) show the chronoamperogram on a GC electrode and the Cottrell plots for the step potential of ¹2.1 V, respectively. The diffusion coefficient (D) could be calculated to be 1.2 © 10 ¹7 cm 2 s ¹1 from the Cottrell equation. The initial stage of nucleation of Sn was analyzed based on Scharifker's method from the chronoamperograms shown in Fig. 5(a) . 21 The dimensionless plots using the current density, j m , and time, t m , at the maxima of the chronoamperograms are shown in Fig. 6 . The traces for two limiting cases, instantaneous and progressive nucleation, are given by the following equations. 21 Instantaneous nucleation
Progressive nucleation
The experimental plots were close to the instantaneous curve when the deposition potential was more positive than ¹2.0 V. However, the experimental plots at ¹2.1 V departed from the instantaneous curve. We have reported the nucleation behavior is affected by the potential-dependent electric double layer structure. 14, 15 At the negative potential region, the accumulation of the cations of ionic liquids on the electrode surface is considered to inhibit the surface processes like nucleation, surface diffusion, and crystal growth. Since the deposition potential of Sn(II) in 0.5 M BMPCl/BMPTFSA is enough negative, the nucleation is expected to be instantaneous, as observed for electrodeposition of Ag and Pb in BMPTFSA. 14, 15 The morphology of Sn deposits obtained by the potentiostatic deposition at an enough negative potential was different from those of Ag and Pb as shown in Fig. 3 , possibly because of the nature of Sn and/or existence of free chloride ions. These may also affect the initial stage of deposition, leading to the characteristic nucleation behavior at ¹2.1 V.
Conclusion
Electrode reaction of Sn(II)/Sn was investigated on a GC electrode in 0. ¹ and Cl ¹ was suggested during mass transport. Tubular and granular deposits were obtained by potentiostatic cathodic reduction at ¹2.0 V. The initial stage of nucleation of Sn was instantaneous rather than progressive probably reflecting the negative deposition potential. Dissolution of metal chlorides in the presence of free chlorides is advantageous for various neutral non-chloroaluminate ionic liquids. However, the negative shift of deposition potentials is unavoidable and may affect the electrode reactions and morphology of deposits due to the electric double layer structures characteristic to ionic liquids. . Dimensionless plots of ( j/j m ) 2 vs. t/t m using the data of chronoamperometry on a GC electrode.
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